Structural studies of human monoclonal rheumatoid factors (RF) derived from patients with monoclonal gammapathies have revealed a restriction in the usage of heavy and light chain variable regions. These studies have suggested that germline genes with little if any somatic mutation can generate RF specificity. However, there is no information presently available regarding the primary structure and genetic origin of RF in rheumatoid arthritis. In this study, we have isolated and sequenced the VH regions of six monoclonal RF derived from the synovial membranes of two patients with rheumatoid arthritis and one with the juvenile polyarticular form of the disease. We found the same VH families as previously reported among monoclonal paraproteins with RF activity. However, our sample was diverse regarding the VH, DH, and JH gene segments used. Among VHI RF there was conservation in the length of CDRIII as well as restriction in the amino acid generated at the V-D junction, as opposed to VHIII RF and non-RF VHI molecules that are highly heterogeneous in these two aspects. We also found that different JH gene segments may contribute to RF specificity. The VH, DH, and JH elements of one RF in our study all had clearly identifiable germline counterparts. This RF displays a nearly germline configuration throughout its entire heavy chain and represents another example of an autoantibody encoded by one of the VH gene segments from the preimmune fetal repertoire. (J. Clin. Invest. 1990Invest. . 86:1320Invest. -1328 
Introduction
Rheumatoid factors (RFs)' are autoantibodies that react with epitopes in the Fc region of IgG molecules (1) . Even though RF activity has been found distributed among all classes of secreted immunoglobulins, IgM RF are the most frequently detected in serum by standard techniques. RF are found in normals, in acute or chronic infections, and after certain immunizations (1) (2) (3) . Furthermore, the B cell precursor fre-quency for these autoantibodies is quite significant especially when specific subsets like CD5 (+) B cells are considered (4, 5) . This has led several investigators to propose a physiological role for RF in the clearance of circulating immune complexes. RF are also present in autoimmune and/or hyperglobulinemic states, although in most situations it is not clear that they play a pathogenic role. In rheumatoid arthritis (RA), these autoantibodies are produced by peripheral and synovial B cells (6) (7) (8) , and a patient's RF titer, especially when the RF is an IgG, generally correlates with systemic manifestations like rheumatoid nodules and vasculitis and with a more aggressive, erosive articular disease (6, 9) . These findings support the view that RF in RA may be structurally unique or under different regulatory control.
Most of our current knowledge concerning the structure and genetic origin of human RF derives from studies on monoclonal IgM paraproteins isolated from patients with B cell dyscrasias, particularly mixed cryoglobulinemia (10) . Based on cross-reactive idiotypes (CRI), these RF were initially classified into three different groups: Wa, Po, and Bla, the last being specific for antibodies with RF and anti-DNA histone activity (11) . Early amino acid sequence studies revealed a marked restriction among the light chains used by these molecules (12) . For example, the light chains of the Wa group have been shown by several groups to belong to the VKIIIb subfamily and are the conserved product of a germline VK gene, HumKv 325 (13, 14) . Another group of monoclonal RF uses VKIIIa light chains and bear a CRI identified by the monoclonal antibody 6B6.6 (15, 16) and are thought to derive from the germline HumKv 328 gene (17) . The heavy chains of these monoclonal paraproteins have been extensively studied either by amino acid sequence or serologically by using antibodies directed against structural determinants specific for the human VH families (18) (19) (20) (21) . Some of these studies have revealed a striking pattern of combinatorial association between RF light and heavy chains. While most of the VKIIIb light chains combine with members of the VHI family that express the CRI identified by the monoclonal antibody G6 (22) , the VKIIIa subgroup is preferentially associated with members of the VHIV family (23) .
The relationship between the RF in patients with mixed cryoglobulinemia and the RF present in patients with RA was first addressed by Forre et al. (24) . They reported that although both Wa-and Po-like CRI patterns were present among the polyclonal RF of RA patients, additional CRI were also found. Recently, Mageed et al. (25) (27) . Since this is the central site of pathological activity in this disease and is known to be a rich source of RF-producing B cells (7, 8, 28, 29) , we reasoned that monoclonal RF derived from synovial B lymphocytes would be particularly relevant to understanding the genetic origin of the autoantibody response in this disorder.
To this end, we have studied the molecular structures of the heavy chains of six monoclonal IgM RF derived from the synovial tissue of two patients with RA and one with the polyarticular form of juvenile rheumatoid arthritis (JRA). We found considerable heterogeneity among the VH, DH, and JH gene segments expressed in these molecules compared to the RF-M components. We confirm the previously reported generation of a glutamic acid residue at the V-D junction in RF belonging to the VHI family. Finally, while some of the molecules we studied could have arisen by somatic mutation, remarkably one RF is a nearly direct copy ofgerm line VH-DH-DH-JH rearrangement. Additionally, this RF uses a VH gene segment found expressed early in ontogeny (30). These data argue that at least some human antibodies do not require somatic mutation in their heavy chains to become RF.
Methods
Generation of monoclonal RE. The six RF were isolated from EBVtransformed B lymphocytes obtained from the inflammatory synovial tissue of two patients with RA (S.J. and T.S.) and one patient (K.L.) with the juvenile polyarticular form of the disease (JRA). RF-SJ 1 and RF-SJ2 are from patient S.J. RF-TS 1, RF-TS2, and RF-TS3 are from patient T.S. RF-KLl was obtained from patient K.L. The EBV-transformed cell lines were fused with a murine myeloma (X63-Ag8.653), and the resulting hybridomas were cloned by limiting dilution. The characterization of the cell lines has been described elsewhere (27) .
Slot blot RNA hybridization. Total RNA was extracted from 106 cells according to Chirgwin et al. (31) . After denaturation with 12 (34, 35) . 40 cycles of amplification were then performed using the following conditions: denaturation step (940C for 1 min), annealing (550C for 3 min), and extension (720C for 3 min). The PCR products were purified with low melt agarose and blunt end ligated into a dephosphorylated, Eco RV-digested plasmid (pBluescript KS'). The ligation mixture was used to transform BSJ-72 competent cells. The colonies were screened with internal oligomers whose sequences were derived from the specific framework or hypervariable regions of the previously determined VH families as well as the JH consensus sequence oligomer end-labeled with 32P-gamma-ATP and polynucleotide kinase. Single-standed DNA was prepared from double positive colonies and sequenced by the dideoxy chain termination procedure (36) using 35-S-alpha-thio ATP and Sequenase (37) .
Direct sequencing of rearranged VH genes. Two of the clones, RF-TS2 and RF-KL1, were amplified after the synthesis of first strand cDNA following the method described by Gyllensten and Erlich (38) , except for a primer ratio of 100/I pmols. PCR samples were diluted to 2 ml with 50 mM Tris (pH 8) and purified by spinning at 4,000 rpm for 30 min in Centricon-30 (Amicon Corp., Danvers, MA) microconcentrators. ,l of retentate were dried down, resuspended in 7 y1 of water, and sequenced with either internal oligonucleotides or the primers used for amplification by the dideoxy chain termination procedure. Alternatively, 1 Ml of the PCR mixture was reamplified without further purification using 50 pmols of one of the primers and directly sequenced.
Southern filter hybridization. Genomic DNA was prepared from the hybridomas, peripheral blood cells as well as from normal liver. DNA was digested with restriction endonucleases, separated on 0.6% agarose gels, and transferred by the method of Southern (39) . Hybridization with hexamer-extended probes was accomplished, and the filters were washed in 0.1 X SSC, 0.1% SDS at 65°C with overnight exposure on Kodak XAR films using amplifying screens.
Results
Characterization of the human synovial rheumatoid factors and determination of the VH gene family. The six antibodies studied are monoclonal IgM with RF activity. While RF-TS 1, RF-TS3, RF-SJ2, and RF-KL1 react only with human IgG, RF-SJ 1 and RF-TS2 also recognize rabbit IgG. The reactivities of these antibodies with different epitopes on the Fc region of IgG were determined by human gamma globulin ELISA using IgG myeloma proteins of known subclass and Gm allotype. As it is shown in Table I and has been published elsewhere (27) , the six antibodies can be assigned to three different groups: (a) pan specific (RF-SJ1 and RF-TS 1); (b) classical Ga (RF-TS2, RF-TS3 and RF-SJ2); (c) and new Ga-related (RF-KL1). The incidence of RF related cross-reactive idiotypes among these molecules (Table I) has also been published elsewhere (40) .
The distribution of VH families and JH segments among the monoclonal RF is shown in Table I . When cytoplasmic RNA from the RF-producing hybridomas was hybridized with VH probes specific for the six human VH families, only VHI and VHIII gave positive results. These results were confirmed by amplifying a fragment of the expected size with leader sequence specific primers and by sequencing the VH regions (see below).
Two RFfrom the same patient use diferent VHI gene segments. RF-TS1 is a classical Wa RE. It bears the antigenic determinants defined by the VKIIIb CRI-specific mAb 17.109 as well as the VHI-related CRI identified by the mAb G6 (Table I) . Several G6(+) heavy chains have been sequenced at the amino acid and/or nucleotide level, and the striking homology among them suggests a common genetic origin (41, 42) . We found that RF-TSl shares 94.5% identity with the germline gene hv1263, and 95.8% with 51P1, a VH gene isolated from a fetal liver cDNA library ( Fig. 1 
Y-H N *********** ****** 98 GIIPIFUY A0QGVTI TniY NEVSSUPD TALYYCAR Qh- (Fig. 3 a) (30). At the amino acid level, RF-SJ2 and 56P1 are 99% homologous with only one difference in FW3 (Fig. 3 b) . The near identity of 56P1 and RF-SJ2 is striking as they were isolated from unrelated humans. The VHIII family has been shown to contain several highly polymorphic members, the VH locus defined by humhv 3005 and/or 56PI being one of them (45 (Fig. 5) . The similarity of RF-SJ 1 and RF-SJ2 suggests that if they are clonally related, RF-SJ-l represents an example of somatic mutation plus antigenic selection. However, the fact that the closest germ line gene to RF-SJ1 is not humvh 3005 but humvh 1.9111 (95.7% identity) (35) argues that RF-SJ1 has a different genetic origin than RF-SJ2 (Fig. 3 a) . Alternatively, VH gene replacement with a more distantly related VHIII gene could explain this structure. Indeed, humhv 3005 is an example of a VH gene segment that contains a recombination sequence (heptamer-like) at its 3' end. To address this question, we performed Southern analysis on the cell line DNA using JH and IgM switching region probes that confirmed the relatedness of these two clones (data not shown). The fine specificity of RF-SJ 1 is different from RF-SJ2 in that RF-SJ I also recognizes rabbit IgG while RF-SJ2 does not (Table I ). The only other RF that reacts with rabbit IgG is RF-TS2 and both RF-TS2 and RF-SJ 1 share a glycine substitution in CDRI (Fig. 5) .
The closest germ line VH gene segment to RF-TS2 is also humvh 1.9111 (97.5% identity at the nucleotide level) (Fig. 3) . This germ line gene has been found expressed early in ontogeny (FL2.2) (46) and in the repertoire of a normal adult as an IgM with anti-dsDNA specificity (Kim 4.6) (47). Out of seven nucleotide differences between RF-TS2 and humvh 1.9III, three are concentrated in the CDRII, one in the FW1 and three in the FW3. Two nucleotide substitutions in both the CDRII and FW3 encode amino acid replacements (Fig. 3 c) , accounting for a replacement/silent substitution rate of 1.3 (48) (Fig. 3 d) , another example of a VHIII gene expressed in the fetal repertoire (30P1) (30) as well as in an autoantibody with anti-dsDNA activity (18-2), derived in this case from a patient with SLE (49) . At the nucleotide level they differ by 17 nucleotides, 14 of which are clustered in CDRI and CDRII. None ofthe five differences found in CDRI encodes amino acid substitutions and only five out of nine are responsible for amino acid changes in CDRII (R/S = 1.25) (Fig. 3 d) . All of these data support the idea that RF-KLI derives from a germline VH gene segment different from VH26 and preclude our determining the germline versus somatic contribution to this molecule. On the other hand, RF-KLI is the only VHIII RF in this study that does not express the VHIII-related idiotypes identified by the mab B6 and D1 2 (40) . Substantial differences in FW 1, CDRI, and CDRIII compared to the other three molecules could account for this finding (Fig. 5) .
CDRIII regions are heterogeneous among immunoglobulins with RF activity. As Fig. 5 (51, 52) (Fig. 4) . The D segment of RF-SJ 1 differs by nine nucleotides from RF-SJ2, four of which are responsible for amino acid substitutions (Fig.  5 ). Whether this represents mutation or derivation from different germline genes cannot be answered at this time. Among the known human D segments there are no genomic counterparts for the D segments found in RF-TS3, RF-TS1, RF-TS2 and RF-KL1 (Fig. 6) (50, 51, 53) .
Two findings within the CDRIII region of the VHI RF sequenced in this study confirm a previous report from our laboratory (20) , one being the conservation in length of this particular region, ranging from 11 to 14 amino acid residues, and the other the V-D junctional glutamic acid (Fig. 2) . Considering the randomness of V-D rearrangement, this amino acid is probably important in conferring RF specificity.
JH usage among RF. JH usage does not appear to be restricted among VHIII RF. RF-SJ2 and RF-SJ1 use JH6 gene segments without any 5' deletion compared to its reported germ line counterpart (54) . RF-SJ1 has a histidine instead of the fifth tyrosine residue. Considering that these two molecules derive from the same patient, this is probably due to somatic mutation although expression of the other allele has not been ruled out. On the other hand, both molecules have at position 6 a tyrosine replacing the glycine present in the reported germ line JH6 gene segment and a lysine instead of the glutamine at position 12 as well as a silent nucleotide substitution (54) (Fig.  7) . Using oligonucleotides specific for these differences, we have screened genomic JH6 segments from patient S.J. as well as from normals. We found that the JH6 gene segment expressed in RF-SJ2 is identical to one of the JH6 germline alleles in patient S.J. Indeed, the variation seen in JH6 represents a polymorphism in the general population (data not shown).
RF-TS2 and RF-TS1 use JH3 gene segments and RF-TS3 and RF-KL1 JH4 genes with one and two amino acid substitutions respectively. RF-TS1 is the first example of a Wa (+) RF that does not use a JH4 gene segment. Since RF-TS1 is reactive with the mab G6, these data argue that G6 reactivity must be located within the VH segment. 
********** ******* E t WKYENGH YADWVNGRFT ISEEKRl YLUMNSLQAE DIrALYYCAR private repertoire of idiotypes (59, 60) found in other autoantibody responses like the cold agglutinins and natural polyreactive antibodies, which are also derived from EBV transformed lines, and preferentially rearrange members of the small VHIV family (23, 43 (Fig. 4) . Interestingly, the VH gene segment of RF-SJ2 is rearranged to a D segment that, except for eight nucleotides at the V-D joint, is an exact copy of the germ line DRL2 gene (Fig. 4) (50) . These 8 nucleotides could represent N segment addition or they could derive from a direct D-D fusion with another D segment, DHFL1 6 (Fig. 4) as has recently been described by Meek et al. (52) . The JH6 segment expressed in this antibody shows five nucleotide differences compared to the original published germ line counterpart (54) . Only one of the substitutions is silent, the other four accounting for two amino acid replacements (tyrosine for glycine and lysine for glutamine at positions 6 and 12, respectively). We have amplified the germ line JH6 segments of two of the patients included in this study as well as several normals and probed them with oligonucleotides that recognize these differences. Our results clearly indicate that the JH6 gene segment expressed in RF-SJ2 is present in the germ line of different individuals including patient S.J. and thus represents a polymorphism rather than the result of somatic mutation. JH6 gene segments sharing the same nucleotide sequence have been found in an aberrant D-J rearrangement (54) and in a fetal cDNA (I. Sanz, personal communication). The conservation of the DLR-2 germ line gene configuration at the 3' end of the D segment expressed in RF-SJ2 allows us to conclude that rather than having deleted a glycine residue, this polymorphic gene has a tyrosine instead. RF-SJ2 is in summary an example of an antibody that uses a VH gene segment from the fetal repertoire and recognizes self while retaining almost completely its germ line structure. Several ofthe VH gene segments expressed early in ontogeny have already been found in either healthy adults or adults with autoimmune disease as unmutated copies of germ line genes encoding autoantibodies with different specificities (47, 49, 63) . These findings could be explained if, as some authors have proposed, the VH gene segments could by themselves generate binding specificity (64) . In the sterile fetal environment, those clones that interact with self antigens in a polyreactive, low affinity manner would get expanded. The same "self-reactive" VH segments recombined with different DH, JH or light chain elements or somatically mutated could either diversify, changing the specificity (mono versus polyspecific; foreign versus self), and/or increase the affinity for self antigens. Thus, autoimmunity could be the result of a dysregulation in the normal mechanisms that control the expression of the self-reacting, high affinity antibodies.
Regarding the genetic origin of the D segments expressed in this group of RA-derived RF, only two of them (RF-SJ2 and RF-SJ 1) can be easily explained on the basis of the reported DH germ line genes. Whether the rest are the product of somatic mechanisms of diversification or derive from different, not yet described, germ line D gene segments cannot be answered at this time. Considering the CDRIII regions from all the reported VHI RF, there are two remarkable findings. (a) The relative conservation of length (1 1-14 residues) , which is neither observed in VHIII RF nor in other VHI molecules without RF activity. This length conservation probably has implications in terms of interaction with antigen; and (b) the conservation of the junctional amino acid residues. The CDRIII regions of the four previously reported VHI G6 (+) rheumatoid factors BOR, KAS, SIE, and WOL as well as RF-TS 1 contain a glutamic acid residue at the V-D and, except for WOL, a proline at the D-J joint. Even RF-TS3, which is encoded by a distantly related member of the VHI family unlike the G6 (+) subset, contains a glutamic acid residue at the V-D joint. These findings confirm previous results from our laboratory (20) and suggest that the amino acid residue at the V-D joint is important for RF specificity. Junctional diversity has been shown to be crucial to antibody binding in several systems including the A/J Ars-A immune response through the generation, by intracodonic recombination, of an arginine residue at position 96 in the light chain (65) .
We found, on the other hand, a tremendous degree of heterogeneity among the D segments expressed in our sample of RF. Only RF-TS1 and the reported paraprotein KAS share a stretch of four amino acids in the D segment. This high level of diversity could be a reflection of the variety of minor antigenic specificities that can be recognized within the Fc region of the IgG molecule (66) . These studies present the first molecular structures of RF derived from the synovial tissue B lymphocytes of patients with RA. This group of RFs use a diverse array of VH, DH and JH gene segments, and at least some of them are nearly germ line-encoded, implying that these potentially pathogenic autoantibodies might have the same genetic origin as the ones expressed in nonautoimmune situations. Additionally, some VH genes expressed in the fetal preimmune repertoire can encode RF specificity. These results further support the concept that normal and diverse genetic elements are responsible for the generation of RF activity in patients with RA.
